Autism spectrum disorder (ASD) is increasingly thought to result from low-level deficits in synaptic development and neural circuit formation that cascade into more complex cognitive symptoms. However, the link between synaptic dysfunction and behavior is not well understood. By comparing the effects of abnormal circuit formation and behavioral outcomes across different species, it should be possible to pinpoint the conserved fundamental processes that result in disease. Here we use a novel model for neurodevelopmental disorders in which we expose Xenopus laevis tadpoles to valproic acid (VPA) during a critical time point in brain development at which neurogenesis and neural circuit formation required for sensory processing are occurring. VPA is a commonly prescribed antiepileptic drug with known teratogenic effects. In utero exposure to VPA in humans or rodents results in a higher incidence of ASD or ASD-like behavior later in life. We find that tadpoles exposed to VPA have abnormal sensorimotor and schooling behavior that is accompanied by hyperconnected neural networks in the optic tectum, increased excitatory and inhibitory synaptic drive, elevated levels of spontaneous synaptic activity, and decreased neuronal intrinsic excitability. Consistent with these findings, VPA-treated tadpoles also have increased seizure susceptibility and decreased acoustic startle habituation. These findings indicate that the effects of VPA are remarkably conserved across vertebrate species and that changes in neural circuitry resulting from abnormal developmental pruning can cascade into higher-level behavioral deficits.
Introduction
Autism spectrum disorder (ASD) is characterized by highly recognizable symptoms, including deficits in social interaction, language, sensory integration, and increased seizure susceptibility, yet across the population, ASD can have very different underlying etiologies. For example, Ͼ40 different mutations and various environmental risk factors have been associated with ASD (Abrahams and Geschwind, 2008; Lichtenstein et al., 2010; Neale et al., 2012) . Despite this great diversity of potential causes and complex cognitive symptoms, there is reason to believe that these symptoms originate from a few fundamental abnormalities in nervous system development and function (Pratt and Khakhalin, 2013) . These include abnormal synaptic maturation and plasticity, defects in microcircuitry organization, disruption of the excitation to inhibition balance, and local overconnectivity and long-range underconnectivity throughout the brain (Krey and Dolmetsch, 2007; Abrahams and Geschwind, 2008; Markram et al., 2008; Rinaldi et al., 2008; Markram and Markram, 2010; Bhakar et al., 2012; Marín, 2012) . Thus, ASD could be a manifestation unique to humans of low-level neurodevelopmental abnormalities, but links between synaptic dysfunction, neural circuit development, and ASD-related behaviors still remain to be fully explored. These links could be better studied in simpler animal models even if they are not necessarily capable of expressing higher-level cognitive symptoms of ASD, as long as links between neural circuit function and behavior can be drawn. Furthermore, finding conserved behavioral effects resulting from abnormalities in synaptic development across species is a powerful method for identifying fundamental biological processes underlying complex human disorders.
One known cause of ASD conserved between humans and animal models is prenatal exposure to valproic acid (VPA). VPA is one of the most commonly prescribed antiepileptic drugs (Gerstner et al., 2008) , but it has well known teratogenic effects. If a developing fetus is exposed to VPA, this exposure greatly increases the risk of ASD later in life (Bath and Scharfman, 2013; Bromley et al., 2013) . In rodents, in utero exposure to VPA results in autistic-like behaviors in offspring, namely, decreased socialization, increased repetitive behaviors, and hypersensitivity to sensory stimuli (Schneider and Przewlocki, 2005; Markram et al., 2008) . These behavioral deficits are accompanied by corresponding deficits in brain physiology, including increased local recurrent connectivity, synaptic activity, and decreased intrinsic neuronal excitability (Rinaldi et al., 2008; Walcott et al., 2011; Martin and Manzoni, 2014) . Although studies such as these provide a host of phenomenological results, whether these results are reproducible in other model organisms and thus whether they represent a fundamental evolutionary conserved mechanism underlying neurodevelopmental disorders remain unknown.
The development of the Xenopus tadpole visual system has served as a useful model for understanding basic processes mediating neural circuit development, as well as a model for a variety of neurological and neurodevelopmental disorders (Pratt and Khakhalin, 2013) . Here, we test electrophysiological, behavioral, and neuroanatomical effects of exposure to VPA during a key period in Xenopus visual system development, in which synapses and circuits in the optic tectum undergo a large amount of maturation and refinement that correlate with robust changes in visual function and behavior.
Materials and Methods
All animal experiments were performed in accordance with and approved by Brown University Institutional Animal Care and Use Committee standards.
Experimental animals. Tadpoles were raised in Steinberg's rearing media on a 12 h light/dark cycle at 18 -21°C for 7-8 d, until they reached developmental stage 42 (Nieuwkoop and Faber, 1956 ). They were then transferred to either control rearing media or 1 mM solution of VPA in Steinberg's solution and raised at temperatures ranging from 18°C to 24°C until they reached developmental stages of either 47 or 49, depending on the protocol (see below). Developmental stages of tadpoles were determined according to Nieuwkoop and Faber (1956) . The rearing medium was renewed every 3 d. Immediately before behavioral experiments, tadpoles were transferred to Steinberg's media and left for 1 h to recover from acute action of the drug. Tadpoles that were used for acoustic startle, schooling, or seizure protocols were not used again for other experiments, whereas after visual avoidance experiments, tadpoles were in some cases reused in startle and schooling experiments after having 24 h of rest in respective rearing solution. At least two different clutches of tadpoles from different husbandry were used for every set of behavioral experiments. Animals of either sex were used because, at these developmental stages, tadpoles of either sex are phenotypically indistinguishable.
Behavioral experiments. Previous research using Xenopus tadpoles has demonstrated that exposing developing tadpoles to concentrations of 2 mM VPA caused teratogenic effects and developmental delays (Terbach et al., 2011) . In vivo and in vitro studies in various organisms have shown that concentrations of VPA from 0.75 to 3.5 mM can serve as an effective dose for modeling teratogenic effects of VPA (Rinaldi et al., 2008; Terbach et al., 2011; . For the present study, we performed dose-response assays and found that exposing developing tadpoles to 1 mM of VPA beginning at stage 41/42 results in no statistically significant changes in mortality rate compared with controls and resulted in no visible physically deforming teratogenic effects. Thus, this concentration was selected for all experiments presented in this study.
Seizures. For seizure experiments, stage 47 tadpoles were transferred into individual wells in a six-well plate (Corning), each filled with 7 ml of 5 mM pentylenetetrazol (PTZ) solution in Steinberg's media. The plate was diffusely illuminated from below and imaged from above with a SCB 2001 color camera (Samsung) at 30 frames/s. Tadpole positions were tracked in Noldus EthoVision XT (Noldus Information Technology) and processed offline in a custom MATLAB program (MathWorks). Onset of regular seizures happened on average 3.9 Ϯ 1.3 min into the recording; seizure events were defined as periods of rapid and irregular movement, interrupted by periods of immobility (Bell et al., 2011) , and were detected automatically using swimming speed thresholding at a level of half of the maximal swimming speed. Frequency of seizures and length of seizure events were measured across 5 min intervals of a 20-min-long recording.
Startle response habituation. Stage 49 tadpoles were placed into individual wells in a six-well plate, which was fixed between two audio speakers (SPA2210/27; Philips), and mechanically connected to diaphragms of these speakers by inflexible plastic struts. Acoustic stimuli (one period of a 200 Hz sine wave, 5 ms long) were delivered every 5 s. These stimuli evoked a reliable startle response. Because of the nature of the stimulus, the startle response likely reflects a combination of inner ear-mediated and lateral line-mediated inputs, and, for the purposes of this study, we did not attempt to differentiate between the two. The amplitude of stimuli for habituation experiments was set at two times above the startle threshold. Each train of stimuli lasted for 2 min; trains 1 to 5 were separated by 5 min gaps, whereas train 6 was separated from train 5 by a 15 min gap. The location of VPA-raised tadpoles and matched controls within the six-well plate was alternated across experiments to compensate for possible variation in stimulus delivery across the wells. Videos were acquired and tracked in EthoVision and processed offline in a custom MATLAB script.
Peak speed of each startle response was measured across a 2 s interval after stimulus delivery. To quantify habituation of startle responses at different timescales, we adopted the nomenclature from previous studies (Eddins et al., 2010; Roberts et al., 2011) and averaged startle speeds across 1-min-long periods of acoustic stimulation, comparing these averages across periods. For rapid habituation, we compared responses during minutes 1 and 2 of the first 2-min train of stimuli. For short-term habituation (acting at timescales of 5-20 min and measured after a short 5 min period of rest), we compared average response during minute 1 of train 1 with that in minute 1 of train 4, whereas for long-term habituation (acting at timescales of ϳ1 h and measured after a longer 15 min period of rest), a similar comparison was performed between trains 1 and 6 (see Fig. 7D ).
Collision avoidance. Stage 49 tadpoles were placed in a clear plastic Petri dish (8.5 cm in diameter) filled to an approximate depth of 1 cm with Steinberg's solution at 18°C. The dish was put on top of a CRT monitor screen (maximum luminance, 57 cd/m 2 and minimum luminance, 0.3 cd/m 2 ; Dell Ultrascan 1600 SH Series; Dell Computer Company) and screened from all sides with an opaque black cloth. Stimuli were generated by a custom-written MATLAB program using the Psychophysics Toolbox (Brainard, 1997) . A black circle of a radius of either 0.28 or 0.56 cm was projected in the center of the dish. Every 30 s, this circle was sent toward the tadpole at a speed of either 1.4 or 2.9 cm/s. Only collisions in which the animal was swimming within 1 s before the encounter with the circle were included in the dataset. Experiments were performed in the morning (from 9:00 A.M. to 1:00 P.M.), because animals seemed to be less responsive in the afternoon; each testing session lasted for 5 min. Videos were acquired in EthoVision; both the tadpole and the stimulus were manually tracked offline, and trajectories were exported for additional automated analysis in MATLAB. Avoidance response initiation points were identified as points of peak acceleration immediately after an encounter with a visual stimulus; escape speed was averaged over a 17 ms window (five frames) around the swimming velocity peak.
Schooling. Fifteen to 20 tadpoles at developmental stage 49 were transferred to a glass bowl 17 cm in diameter (for each batch, control tadpoles matched VPA-raised tadpoles in number). A still image of tadpole distribution in the bowl was made every 5 min using Yawcam software (Magnus Lundvall, Yawcam) for 1 h (13 images per experiment). A strong acoustic stimulus was delivered 2.5 min after each photo was taken to elicit a startle response and force tadpoles to redistribute (Katz et al., 1981) . Coordinates of tadpole heads and tails were tracked manually in NIH ImageJ and exported for additional processing in MATLAB. We defined neighboring tadpoles through point set triangulation and used a Kolmogorov-Smirnov test to compare distributions of inter-tadpole distances between VPA-raised tadpoles and matched controls. For all pairs of "neighboring tadpoles" that were located closer than 5.7 cm to each other (two-thirds of the bowl radius), we also estimated the angle between their orientations in the bowl (Wassersug and Hessler, 1971 ). Electrophysiology experiments. For whole-brain recordings, tadpole brains were prepared as described by Wu et al. (1996) and . In brief, tadpoles were anesthetized in 0.02% tricainemethane sulfonate (MS-222). To access the ventral surface of the tectum, brains were filleted along the dorsal midline and dissected in HEPES-buffered extracellular saline [in mM: 115 NaCl, 2 KCl, 3 Cacl2, 3 MgCl2, 5 HEPES, 10 glucose, and 0.1 picrotoxin, pH 7.2 (osmolarity, 255 mOsm)]. Brains were then pinned to a submerged block of Sylgard in a recording chamber and maintained at room temperature (24°C). To access tectal cells, the ventricular membrane surrounding the tectum was carefully removed using a broken glass pipette. For evoked synaptic response experiments, a bipolar stimulating electrode (FHC) was placed on the optic chiasm to activate RGC axons.
Whole-cell voltage-clamp and current-clamp recordings were performed using glass micropipettes (8 -12 M⍀) filled with K-gluconate intracellular saline [in mM: 100 K-gluconate, 8 KCl, 5 NaCl, 1.5 MgCl2, 20 HEPES, 10 EGTA, 2 ATP, and 0.3 GTP, pH 7.2 (osmolarity, 255 mOsm)]. Recordings were restricted consistently to retinorecipient neurons in the middle one-third of the tectum, thus avoiding any developmental variability existing along the rostrocaudal axis (Wu et al., 1996; Khakhalin and Aizenman, 2012; Hamodi and Pratt, 2014) . Electrical signals were measured with an Axopatch 200B or a Multiclamp 700B amplifier (Molecular Devices), digitized at 10 kHz using a Digidata 1322A analog-to-digital board, and acquired using pClamp 10 software. Leak subtraction was done in real time using the acquisition software. Membrane potential in the figures was not adjusted to compensate for a predicted 12 mV liquid junction potential. Data were analyzed using AxographX software. The GABA A antagonist picrotoxin (100 M) was added to the external saline in a subset of experiments. Spontaneous synaptic events were collected and quantified using a variable amplitude template (Clements and Bekkers, 1997). Spontaneous EPSCs (sEPSCs) were recorded at Ϫ60 mV in the presence of picrotoxin, whereas sIPSCs were collected in control media at 5 mV (the reversal for glutamatergic currents). For each cell, 60 s of spontaneous activity was recorded. For evoked synaptic response experiments, a bipolar stimulating electrode (FHC) was placed on the optic chiasm to activate RGC axons. Synaptic stimulation experiments were conducted by collecting EPSCs evoked by stimulating the optic chiasm at a stimulus intensity that consistently evoked maximal amplitude EPSCs. Evoked responses at Ϫ45 mV (excitation) and 5 mV (inhibition) were used to calculate the excitation/ inhibition (E/I) ratio. Excitation and inhibition were calculated as a measure of area under the curve for a 250 ms time window beginning at the onset of the synaptic response. Evoked monosynaptic events (at a stimulus intensity that does not evoke polysynaptic activity, typically 30 -60% of the maximum) were used to collect AMPA/NMDA ratios. Peak current amplitude at Ϫ65 mV (1 ms window at peak; 10 -15 trials per cell) was used to calculate AMPAR-mediated currents, and average current amplitude collected at 55mV (10 ms window 20 ms after peak AMPA; 5-15 trials per cell) was used to calculate NMDAR-mediated currents. NMDAR current decay rates were collected from evoked monosynaptic currents collected at 55 mV in the presence of the AMPAR blocker NBQX (20 M). The rate of decay (Tau) was calculated from the peak of the NMDA current fit to a single exponential (10 -20 trials per cell). Polysynaptic stimulation experiments were performed by collecting EPSCs evoked by stimulating the optic chiasm at a stimulus intensity that evoked the maximal amplitude EPSC. Quantification of polysynaptic activity was calculated by measuring the total change in current over 100 ms time bins beginning at the onset of the evoked response. A spontaneous barrage was defined as a change in holding current of 10 or 20 pA intervals for a period of Ͼ200 ms. To quantify intrinsic cell excitability, cells were presented with a series of depolarizing steps (20 pA intervals) in current clamp, starting from Ϫ65 mV. The number of spikes elicited by current injection was quantified using the following criteria: to qualify as a spike, the height of the spike had to be at least half the height of its preceding spike and no wider than three times the width of the first original spike (Pratt and Aizenman, 2007) . Voltage-gated Na ϩ and K ϩ current-voltage ( I-V) curves were calculated as in the study by , by measuring the early Na ϩ peak current and the steady-state K ϩ current. All statistics used nonparametric Mann-Whitney U tests. Graphs show median and interquartile ranges (IQRs) as error bars, and data in the text show averages and SDs.
Neuronal morphology. Tadpoles were reared in either VPA or control media as above. To label single tectal cells, after 3-4 d in rearing media (stage 44 -45), tadpoles were temporarily removed, and whole-brain electroporation (Haas et al., 2002 ) was used to transfect tectal neurons: tadpoles were anesthetized with 0.02% MS-222, and plasmid DNA (4 -5 g/l in water, colored with fast green) was pressure injected into the middle ventricle of stage 44 -46 tadpoles using a glass micropipette. Then, two platinum electrodes (1-2 mm) were placed on the skin overlying both sides of the midbrain to electroporate the DNA into the tectal cells. One to two electrical pulses at 50 V with an exponential decay of 70 ms were delivered. We used the pCALNL-GFP plus pCAG-Cre plasmids (courtesy Ed Ruthazer, McGill University, Montreal, Quebec, Canada; Ruthazer et al., 2013) at a ratio of 5000:1 to limit coexpression to a very small subset of neurons. Immediately after electroporation, the tadpoles were transferred back into bowls containing their respective rearing media. Tadpoles were allowed to develop until stage 49 and were then anesthetized for imaging. Tadpoles were selected for those in which a single neuron was expressing GFP and could be imaged clearly. A Zeiss LSM-510 Meta confocal microscope was used to image tadpoles containing labeled neurons. Optical sections at 1 m intervals were acquired from the confocal microscope with a 20ϫ or 63ϫ objective. The confocal images were then used to reconstruct the three-dimensional morphology of tectal cells using Neuromantic software (http://www.reading.ac.uk/neuromantic/). Three-dimensional reconstructions of dendritic arbors were created by Neuromantic software and were used to calculate the total dendritic branch length, branch numbers, and tip numbers. L-Measure (http://cng.gmu.edu:8080/Lm/) was used for three-dimensional Sholl analysis. The number of dendritic branch tips at each sphere segment was summed in each 10 m bin for plotting and statistical analysis. Results were nearly the same if number of branches intersecting each sphere was used as a metric. All morphometric data except Sholl analysis were tested for significance by using Mann-Whitney U tests. Sholl data were analyzed by comparing branch-tip distributions from cells across experimental groups. A two-way ANOVA with multiple comparisons was performed.
Results

Collision avoidance
The retinotectal circuit and local circuits within the optic tectum, the primary visual area in the frog brain, are known to refine during development in an activity-dependent manner and mediate robust visually guided behaviors that are very sensitive to abnormal circuit development (Dong et al., 2009; Lee et al., 2010; Khakhalin et al., 2014) , providing a strong link between neural circuit physiology and behavior. We first examined whether VPA exposure had any behavioral effects, particularly in tasks that required sensorimotor integration, such as visually guided behavior and schooling. Visual avoidance behavior relies on normal development of the retinotectal circuitry and can be used to detect abnormal wiring in this brain region (Lee et al., 2010; Spawn and Aizenman, 2012) . Tadpoles were either reared in control media or exposed to VPA between developmental stages 42 and 49, a critical time period for tectal circuit establishment and maturation (Akerman and Cline, 2006; Pratt and Aizenman, 2007) . To compare processing of visual information in VPA-treated and control tadpoles, we assessed their ability to implement visually guided avoidance maneuvers and prevent collisions with objects that approach them (Fig. 1A) . It was shown previously that, depending on the collision dynamics, tadpoles can perform two types of adaptive maneuvers: (1) slow "avoidance" that is used to dodge large slowly moving visual stimuli; and (2) a fast startlelike "escape" maneuver that is typically evoked by smaller and faster visual stimuli (Khakhalin et al., 2014) . We tested VPAraised and control tadpoles in both "fast" and "slow" types of collision-avoidance protocols. When fast escape maneuvers were elicited, VPA-raised animals escaped from the stimulus less effectively than control tadpoles: only 39 Ϯ 28% of collisions were avoided by VPA-raised tadpoles compared with 71 Ϯ 26% for control animals (P MW ϭ 0.001; N ϭ 21 and 19 respectively). Threshold distance at which startle responses were initiated was lower in VPA-raised animals (1.1 Ϯ 0.8 cm) than for control ones (1.6 Ϯ 1.2; P MW ϭ 6e-6; n ϭ 111 and 161; N ϭ 22 and 19 respectively; Fig. 1B ). Escape maneuver speed did not differ significantly across conditions (7.5 Ϯ 3.7 cm/s for VPA; 6.9 Ϯ 2.8 cm/s for control; P MW ϭ 0.1; n ϭ 111 and 161; N ϭ 22 and 19; Fig. 1D ). Results) . B, Reaction distance during collision avoidance from a fast-moving object; all points, median, and 20 -80% quantiles are shown. Blue, Control tadpoles; red, VPA-reared tadpoles. C, Peak speed during avoidance maneuver from a fast-moving object. D, Reaction distance during avoidance from a slowly moving object. E, Peak speed during avoidance from a slowly moving object. F, Distribution of inter-tadpole distances during schooling for both control (blue) and VPA-reared (red) animals; control animals have higher representation of short and long distances but fewer middle distances compared with VPA-reared tadpoles. G, Typical distributions and orientations of control and VPA-reared animals in the bowl during schooling; control tadpoles (blue) tend to form clusters, whereas VPA-reared animals (red) are distributed evenly. H, Distribution of angles between orientations of neighboring tadpoles; VPA-reared animals are markedly less co-oriented. K-S, Kolmogorov-Smirnov test. *p Ͻ 0.05 (Mann-Whitney).
In experiments designed to measure slow avoidance of large visual stimuli, VPA-treated tadpoles also initiated an avoidance maneuver at a slightly lower distance from the moving circle center than control animals (1.6 Ϯ 0.8 cm in VPA vs 1.8 Ϯ 0.7 cm in control, P MW ϭ 0.005, n ϭ 154 and 155, N ϭ 19 and 20 respectively; Fig. 1C ). Unlike in experiments measuring fast escape behavior, for slow avoidance, the speed of avoidance maneuvers was very different between treated and control tadpoles (Fig. 1E) : VPA-raised animals escaped with speeds characteristic of fast escape responses (7.9 Ϯ 7.7 cm/s), whereas control tadpoles maneuvered slowly (3.2 Ϯ 4.5 cm/s; P MW ϭ 9e-6; n ϭ 153 and 155; N ϭ 19 and 20, respectively). Although in this study we did not attempt to explicitly classify responses into fast and slow subtypes, it likely that some VPA-reared animals performed "inappropriate" fast escapes instead of slow avoidance maneuvers, because, for control tadpoles, the distribution of avoidance speeds was unimodal [Hartigan's dip test (Hartigan and Hartigan, 1985) , P H ϭ 0.98], whereas in VPA-treated tadpoles, respective distribution was markedly bimodal (P H ϭ 1e-5).
Based on the pattern of background swimming occurring between visually evoked avoidance trials, VPA-raised tadpoles were slightly less active overall than their control counterparts. VPAraised and control tadpoles spent a similar share of time actively swimming (69 Ϯ 27% for VPA vs 77 Ϯ 27% in control; P MW ϭ 0.2; N ϭ 21 and 19), but VPA-raised animals had a slightly lower average swimming speed (1.4 Ϯ 0.4 cm/s in VPA; 1.8 Ϯ 0.5 cm/s in control; P MW ϭ 0.005; N ϭ 21 and 19) and exhibited less frequent spontaneous accelerations (1.9 Ϯ 2.3 starts/min in VPA vs 3.4 Ϯ 2.8 starts/min in control; P MW ϭ 0.02; N ϭ 21 and 19).
Schooling
Tadpoles normally demonstrate schooling behavior when put in a large arena (Katz et al., 1981) . This social behavior is likely a result of integration of multiple sensory and social cues (Wassersug and Hessler, 1971; Lum et al., 1982; Villinger and Waldman, 2012) . We compared schooling in control and VPA-raised tadpoles: a total of 1861 inter-tadpole distances were measured for VPA-raised tadpoles and 1859 distances for matched controls. Empirical distributions of inter-tadpole distances differed significantly between groups (P KS ϭ 0.01; N ϭ 60 and 59 for VPA and control respectively; Fig. 1F ). Compared with VPA-reared animals, control tadpoles had a higher share of short and long intertadpole distances and fewer medium distances, because they aggregated socially and schooled around the bowl in small clusters of five to six animals (Fig. 1G) . In contrast, VPA-raised tadpoles did not aggregate but distributed evenly across the bowl, resulting in a higher share of medium inter-tadpole distances and fewer short and long distances.
When body-axis orientation of neighboring tadpoles was considered, the distribution of inter-tadpole angles also differed between VPA-raised and control groups (P KS ϭ 7e-8; n ϭ 1861 and 1859; N ϭ 60 and 59), because neighboring VPA-raised animals did not co-orient as well as control tadpoles (Fig. 1H ) . Together, these data indicate that VPA-reared tadpoles not only do not tend to aggregate but also do not swim in the same direction as their immediate neighbors, indicating an abnormal schooling behavior.
Deficits in both avoidance and schooling behaviors suggest that VPA-reared tadpoles may have abnormally developed circuitry for sensory processing and sensorimotor integration, which is known to take place in the optic tectum (Dong et al., 2009 ). Thus, we looked at both the dendritic anatomy and network connectivity of tectal neurons in control and VPA-treated animals, especially because it is believed that neurodevelopmental disorders are marked by abnormalities in synaptic activity (Markram et al., 2008; Rinaldi et al., 2008; Markram and Markram, 2010; Walcott et al., 2011; Martin and Manzoni, 2014) .
Dendritic structure of tectal neurons
We used electroporation to express GFP in single tectal neurons from control and VPA-treated groups ( Fig. 2A, ref) . We then reconstructed the dendritic arbors and quantified various aspects of dendritic morphology, including total dendritic branch length (control, 518 Ϯ 242 m, n ϭ 11; VPA, 385 Ϯ 154 m, n ϭ 12; p ϭ 0.08), number of branch tips (control, 18.7 Ϯ 13.5, n ϭ 11; VPA, 11.8 Ϯ 5.8, n ϭ 12; p ϭ 0.34), and number of bifurcations (control, 17.5 Ϯ 13.7, n ϭ 11; VPA, 10.8 Ϯ 5.8, n ϭ 12; p ϭ 0.38). We found no significant differences in these parameters between control and VPA tadpoles, although across measures, the VPA neurons tended to be smaller and less branched. We next examined the branching pattern by performing a three-dimensional Sholl analysis (see Materials and Methods; Fig. 2B ) and found significant differences in the branch distribution between control and VPA-treated tectal neurons. Control neurons had most branches concentrated midway along the dendritic arbor, whereas tectal neurons from VPA-raised tadpoles tended to have branches throughout the apical dendrite and a lot more branching closer to the soma (two-way ANOVA, p Ͻ 0.0001). This indicates that tectal neuron dendrites develop abnormally in VPA-reared tadpoles, possibly as a result of abnormal patterns of synaptic activity during development. However, such subtle neuroanatomical changes cannot necessarily explain the large-scale behavioral def- icits. Thus, we performed a functional assessment of synaptic connectivity using electrophysiology.
Synaptic properties
To assess the effects of VPA treatment on the synaptic connectivity in the developing tectum, we performed whole-cell patch-clamp recordings using an isolated whole-brain preparation (Wu et al., 1996) . We observed a significant increase in the frequency of sEPSCs and sIPSCs in VPA-treated tadpoles compared with controls [sEPSC frequency (events/s): control, 2.28 Ϯ 2.17, n ϭ 29; VPA, 3.78 Ϯ 2.97, n ϭ 33; P MW ϭ 0.03 (Fig. 3 A, B) ; sIPSC frequency (events/s): control, 1.79 Ϯ 1.07, n ϭ 10; VPA, 3.35 Ϯ 2.11, n ϭ 12; P MW ϭ 0.04 (Fig. 3 A, B) ]. Consistent with the literature (Walcott et al., 2011) , there were no significant differences in sEPSC or sIPSC amplitude (sEPSC amplitude: control, 9.4 Ϯ 9.1 pA, n ϭ 10; VPA, 10.2 Ϯ 4.8 n ϭ 12; P MW ϭ 0.57; sIPSC amplitude: control, 7.8 Ϯ 2.1 pA, n ϭ 10; VPA, 8.2 Ϯ 2.9, n ϭ 12; P MW ϭ 0.93; Fig. 3C ). We further assessed changes in excitation and inhibition by looking at evoked synaptic responses by directly shocking the optic chiasm with a bipolar stimulating electrode. We found that both maximal excitatory and inhibitory responses were significantly increased in VPA-treated animals (excitation: n ϭ 8; control peak amplitude, Ϫ737 Ϯ 373 pA; VPA peak, Ϫ1486 Ϯ 819 pA; P MW ϭ 0.049; inhibition: n ϭ 8; control, 866 Ϯ 824 pA; VPA, 3156 Ϯ 1968 pA; P MW ϭ 0.0144; Fig. 3D ). However, the E/I ratio in tectum remained consistent between the control and VPA-treated populations (E/I ratio: control, 1.85 Ϯ 3.1, n ϭ 6; VPA, 0.78 Ϯ 0.77, n ϭ 8; P MW ϭ 0.74; Fig. 3D ).
The AMPA/NMDA current ratio is a useful metric for assessing synaptic maturation, because glutamatergic synapses incorporate greater levels of AMPARs as they mature (Wu et al., 1996; Isaac, 2003) . We found no significant change in the AMPA/NMDA current ratio between control and VPA-reared tadpoles (control, 2.12 Ϯ 1.28, n ϭ 13; VPA, 1.63 Ϯ 1.63, n ϭ 11; P MW ϭ 0.24; Fig. 4 A, B) , suggesting that, on average, VPA-treated tectal cells do not contain a higher proportion of immature synapses. Another indicator of synaptic maturation is a shift between NMDAR NR2B to NR2A (Tovar and Westbrook, 1999, Ewald et al., 2008) . Because NR2A subunits have a faster decay kinetics, this shift can be detected as a speeding up of the decay rate of NMDARmediated synaptic responses (Flint et al., 1997) . The increased levels of NR2B earlier in development are thought to promote synaptic plasticity required for synapse formation (Quinlan et al., 1999) . We found the decay of NMDARmediated currents was slower in VPAtreated tadpoles (control, 287 Ϯ 143 ms, n ϭ 15; VPA, 409 Ϯ 166 ms, n ϭ 12; P MW ϭ 0.03; Fig. 4C,D) , suggesting that, although VPA treatment does not impair insertion of AMPAR, overall synapses in treated tadpoles do show some characteristics of a state that would promote more synaptic plasticity (Rinaldi et al., 2007) . Together, these results indicate that VPA-treated tadpoles have abnormally increased levels of excitatory and inhibitory synaptic transmission, as well as enhanced NMDAR-mediated transmission.
Increased network connectivity and excitability
One possibility is that the observed increase in synaptic transmission reflects an abnormal developmental process in which synap- tic pruning of both visual and local synaptic connections that occurs between developmental stages 45 and 49 is impaired. This would not only result in increased synaptic drive from visual synapses but also increased hyperconnectivity from local tectal synapses (Lee et al., 2010) . In fact, various theories of autism and other neurodevelopmental disorders suggest that these disorders are marked by hyperconnected and excitable networks (Markram et al., 2007; Markram and Markram, 2010; Pescosolido et al., 2012) . In the developing Xenopus tectum, evoked polysynaptic responses and spontaneous barrages of recurrent activity have been used to quantify intra-tectal connectivity and network excitability (Pratt and Aizenman, 2007; . To determine whether chronic exposure to VPA resulted in increased network excitability, we measured evoked and spontaneous polysynaptic activity in the tectum. We found that VPA-treated tadpoles had significantly greater amounts of polysynaptic activity as calculated during the 100 ms after the stimulus onset, as measured by total charge (n ϭ 6; control, 529 Ϯ 441 pA/s; VPA, 1425 Ϯ 719 pA/s; P MW ϭ 0.02; Fig. 5 A, B) . We also observed increased frequency of barrages of spontaneous recurrent activity (barrage frequency: control, 1.14 Ϯ 1.26 barrages/ min, n ϭ 28; VPA, 2.58 Ϯ 2.47 barrages/min, n ϭ 26; P MW ϭ 0.038; Fig. 5C,D) . This suggests that VPA-reared tadpoles have a greater degree of recurrent connectivity within the optic tectum, consistent with abnormal developmental refinement and pruning of these circuits.
Changes in intrinsic excitability of tectal neurons
One possibility is that increased network activity is driven by an increase in the intrinsic neuronal excitability of tectal neurons , but previous research has indicated that VPA exposure can result in a reduction in neuronal excitability (Rinaldi et al., 2008; Walcott et al., 2011) . To test whether either of these possibilities occurred, we assessed intrinsic properties of tectal cells in VPA-reared tadpoles. We performed current-clamp recordings and measured spike output in response to a series of current injections of increasing amplitude. We found that intrinsic cell excitability was slightly, but significantly, reduced in tectal neurons after VPA exposure (maximum spike output: n ϭ 19; control, 2.53 Ϯ 0.42 spikes; VPA, 1.77 Ϯ 0.35; P MW ϭ 0.0001; Fig.  6 A, B) . VPA-exposed cells also had a small but significant reduction in spike threshold, time to spike peak, and an increase in voltage-gated Na ϩ current amplitude ( Fig. 6C ; Table 1 ). Thus, the reduction in excitability cannot be explained by changes in Na ϩ currents, because these occur in the direction opposite of what would be expected. Furthermore, there were no changes in membrane resistance and membrane capacitance between groups (Table 1) . One possibility is that the decrease in excitability was attributable to changes in Na ϩ channel inactivation properties, such as faster inactivation or slower recovery of inactivation. The fact that action potentials in the VPA group have a faster time-to-peak and faster repolarization are both consistent with this hypothesis (Fig.  6A, inset) . However, because of the small change in excitability and the cell-to-cell variability, it was not practical to test inactivation directly.
Seizure susceptibility
Together, the data so far suggest that increases in network excitability resulting from VPA treatment are a result of increased connectivity within the tectum and possibly other brain regions. One prediction from this interpretation is that behaviors that reflect increased connectivity, such as seizure susceptibility and habituation to startle stimuli, should be altered significantly in VPA-reared tadpoles.
To assess seizure susceptibility, tadpoles were exposed to 5 mM PTZ, a GABA agonist, over a 20 min period, during which seizure activity was measured (Fig. 7 A, B ; see Materials and Methods; Bell et al., 2011) . Pharmacologically induced seizures were more frequent in VPA-reared tadpoles than in matched controls (frequency of events per minute, 0.90 Ϯ 0.38 for VPA vs 0.51 Ϯ 0.40 for control; N ϭ 18 and 17 respectively; Fig. 7C ). Although our behavioral protocol did not allow us to assess the severity of seizures, individual seizure events in VPA-reared tadpoles were significantly shorter than in control (20 Ϯ 16 s for VPA vs 31 Ϯ 16 s for control; N ϭ 18 and 17), potentially indicating that, in VPA-reared tadpoles, synaptic transmission was exhausted and depressed sooner than in control animals.
Startle habituation
Habituation to startle stimuli is known to be impaired in individuals with autism (Madsen et al., 2014) and in various animal models (de Vrij et al., 2008) . Habituation of the acoustic startle response was assessed by subjecting tadpoles to six 2-minutelong bouts of periodical acoustic stimuli, in which individual stimuli within each bout were delivered every 5 s (see Materials and Methods). Both control and VPA-reared tadpoles demonstrated startle response habituation at various timescales (Eddins et al., 2010; Roberts et al., 2011) , including the following: (1) rapid habituation during the train of stimuli; (2) short-term habituation, measured after a 5 min gap in stimulation; and (2) long-term habituation, measured after several bouts of intermittent stimulation and a longer 15 min gap in the stimulation protocol (Fig. 7D) . Average speed of startle responses of naive animals, measured over minute 1 of stimulation, did not differ significantly between the VPA and control groups (9 Ϯ 4 cm/s for VPA-reared tadpoles and 11 Ϯ 4 cm/s for control; N ϭ 21 and 21; P MW ϭ 0.07). The amount of rapid habituation, measured as the ratio between average speed of responses over minutes 1 and 2 of stimulation, also did not differ across groups (0.9 Ϯ 0.4 for VPAreared tadpoles and 0.8 Ϯ 0.3 for control; N ϭ 21 and 21; P MW ϭ 0.7). However, the short-term habituation was almost absent in VPA-reared tadpoles but was present in control animals, with the ratio of average response speeds of 1.1 Ϯ 0.6 in VPA-raised tadpoles and 0.7 Ϯ 0.5 in control (N ϭ 21 and 21; P MW ϭ 0.01; Fig.  7E ). Similarly, unlike control animals, VPA-reared tadpoles did not demonstrate long-term habituation (ratio of average response speeds was equal to 1.3 Ϯ 1.0 for VPA-reared tadpoles compared with 0.8 Ϯ 0.6 in control animals; N ϭ 21 and 21; P MW ϭ 0.03; Fig. 7F ).
Both increased seizure susceptibility and decreased short-and long-term habituation to acoustic startle stimuli are consistent with our interpretation that chronic VPA treatment results in abnormally hyperconnected neural circuits and thus an increase in network excitability.
Discussion
Our data show that exposure to VPA between developmental stages 42 and 49 has widespread effects in neural circuit development. We found that VPA-exposed tadpoles had abnormal visual avoidance and schooling behaviors. These changes were accompanied by altered tectal neuron dendritic morphology, as well as increased sEPSC and sIPSC frequency and enhanced visually evoked excitatory and inhibitory synaptic drive. Visual synapses did not show alterations in the AMPA/NMDA ratio but did show immature NMDAR-mediated currents. VPA-treated tadpoles also had immature-like recurrent activity within the optic tectum as measured by large amounts of evoked polysynaptic activity and spontaneous barrages of synaptic activity. The enhanced network activity within the optic tectum was not attributable to increased neuronal excitability, because neurons from VPA-treated tadpoles fired fewer action potentials when depolarized. Finally, chronic VPA treatment resulted in increased seizure susceptibility and reduced acoustic startle habituation. These data are consistent with a model in which VPA exposure, during a critical period in tectal circuit establishment and remodeling, results in abnormal refinement and pruning of retinotectal synapses, as well as of local intra-tectal circuits. This results in hyperconnected tectal circuitry and leads to deficits in sensory integration, as evidenced by abnormal visual avoidance and schooling behaviors. Furthermore, this abnormally developed tectal circuitry also leads to network hyperexcitability that correlates with increased susceptibility to seizures and decreased startle habituation. Thus, a simple deficit in developmental synaptic remodeling can result in more complex behavioral phenotypes, strengthening the view that complex syndromes can result from simple low-level deficits.
Our findings indicate that VPA exposure results in both an increase in synaptic connectivity and a decrease in intrinsic excitability, consistent with early developmental findings in rodents (Rinaldi et al., 2008; Walcott et al., 2011) . Although an increase in synaptic conductivity will result in increased network excitability, a decrease in intrinsic neuronal excitability should have the opposite effect. So why do we find that there is an overall increase in network excitability? Previous work from our laboratory has shown that there is an inverse relationship between synaptic transmission and neuronal excitability Pratt and Aizenman, 2007) . When excitatory synaptic transmission is elevated, tectal neurons show decreased intrinsic excitability. In contrast, if synaptic transmission is low, tectal neurons will be more excitable. This homeostatic relationship serves to normalize the input-output function of the cell. We also found that intrinsic excitability responds to changes in synaptic transmission but not the other way around. Thus, in the current study, we believe that the decrease in excitability is a compensatory response to increased synaptic connectivity resulting from abnormal developmental pruning of synapses. However, this decrease is not sufficient to counteract the increase in synaptic connectivity, and therefore, we see a pathological condition, with an overall increase internetwork excitability.
How does VPA exert its effect on the developing nervous system? VPA is known primarily as an antiepileptic drug because of its effect on GABA transmission. VPA blocks GABA transaminase, an enzyme that breaks down GABA (Löscher, 1999, Johannessen, 2000), resulting in elevated GABA levels in the CNS. Long-term alterations in GABA signaling during development are known to cause abnormalities in neural circuit formation and in developmental plasticity during the critical period in both mammals and Xenopus (Iwai et al., 2003; Shen et al., 2011) , and these could account for some of the effects of VPA in our system. VPA is also known to reduce neuronal excitability through effects on voltage-gated Na ϩ and Ca 2ϩ channels (Löscher, 1999) , and, in Xenopus tadpole tectum, long-term reductions in spike firing result in increased synaptic transmission, consistent with the findings in this study (Pratt and Aizenman, 2007) . However, the effects of VPA on excitability occur at much higher concentrations than those used in this study and so are not likely to be a factor here (Johannessen, 2000) . Finally, VPA is a potent inhibitor of type I and II histone deacetylases (HDAC) and can cause hyperacetylation of gene promoters and, thus, altered gene expression (Fukuchi et al., 2009; . In a separate ongoing study in our laboratory, using gene microarrays, we have shown that exposing tadpoles to VPA between stages 42 and 49 results in large changes in gene expression (C. M. Ciarleglio and C.D.A., unpublished observations) and that rearing tadpoles during this period in the presence of a different HDAC inhibitor (suberanilohydroxamic acid; Whittle and Singewald, 2014) also results in electrophysiological effects in local connectivity, consistent with those caused by VPA (E.J.J. and C.D.A., unpublished observations). Thus, it is possible that at least some of the effects of VPA may be attributable to alterations in gene expression by HDAC inhibition.
How does the timing of VPA exposure in our experimental model compare with the known effects of VPA in rodent models? In mammals, prenatal exposure to VPA has its strongest effect if it occurs during the time of neural tube closure, when there is a large amount of cell proliferation in the CNS, and it is logical that a large disruption in gene expression during neurogenesis could have profound effects on developing neural circuitry (Bath and Scharfman, 2013) . VPA also has effects if exposure occurs in early postnatal life when neural circuitry is being established and pruned (Bath and Scharfman, 2013) . In Xenopus tadpoles, neural circuits mediating visual processing and motor output go online very early during brain development, at a time when most placental mammals would be in either late embryonic stages or early postnatal stages (Ruthazer and Aizenman, 2010) . Although it is difficult to draw one-to-one correlations between Xenopus and rodent development, the time period when tadpoles were exposed to VPA (stages 42-49) corresponds to a period when the retinotectal circuit is established and undergoes growth and activity-dependent refinement, in conjunction with large amounts of neuronal proliferation and differentiation. During this time period, tectal neurons undergo large amounts of dendritic growth, retinotectal projections and local intratectal inputs are refined, excitatory synapses undergo increases in the AMPA/NMDA ratio, and the amount of inhibitory input increases (Akerman and Cline, 2006; Pratt and Aizenman, 2007; . In addition, new neurons from the proliferative zone of the tectum are being incorporated continuously into the tectal circuitry (Sharma and Cline, 2010) . Thus, in our experiments, tadpoles were exposed to VPA during a critical developmental window when there is both a large amount of ongoing neurogenesis and neural circuit formation in the optic tectum, both processes known to be susceptible to abnormal patterns of gene expression (Bestman and Cline, 2008; Schwartz et al., 2009; Sharma and Cline, 2010) and therefore would also be most vulnerable to VPA exposure.
The findings in this study are in line with a growing body of evidence suggesting that ASD is associated with disruption in synaptic development. For example, several mutations and abnormalities that are associated with various neurodevelopmental syndromes, such as MeCP2 (methyl CpG binding protein 2, which causes Rett syndrome in humans; Samaco and Neul, 2011) , neurexin and neuroligins (associated with ASD; Buxbaum, 2009), FMRP (fragile X mental retardation protein; Abrahams and Geschwind, 2008) , and altered immune signaling (also found in ASD; Cohly and Panja, 2005) all result in abnormal synaptic development and/or neural circuit formation in rodents (Samaco and Neul, 2011; Bhakar et al., 2012; Dixon-Salazar et al., 2014) . Similarly in Xenopus tadpoles, disruptions of MeCP2 and neurexin/neuroligin signaling also result in abnormal dendritic morphology and synaptic connectivity in optic tectal neurons (Chen et al., 2010; Marshak et al., 2012) . Altered levels of proinflammatory cytokines also cause abnormal dendritic development and hyperconnectivity in the Xenopus tadpole tectum (Lee et al., 2010) . This, in combination with the present findings, not only suggests that key transcription pathways and signaling mechanisms are conserved from Xenopus to humans but that their effects on circuit development remains the same. Although an amphibian species cannot display the complex cognitive symptoms associated with ASD, the deficits in circuit formation are manifested as various abnormal behavioral phenotypes, including abnormal sensory integration and schooling, increased seizure susceptibility, and hyperexcitability.
In conclusion, this study follows the effects of VPA exposure during early development at multiple levels of analysis-synaptic, cellular, circuits, and behavior-and we describe how a relatively low-level alteration in neural circuit function cascades into a behavioral phenotype. Remarkably, the effects of VPA in tadpoles remain consistent with what is observed in rodent models, suggesting that VPA exposure is affecting a fundamental developmental process that is evolutionarily conserved across species. By understanding the mechanisms by which VPA exerts its effect on developing neural circuits, we may also learn something about the basic cellular and circuit level changes that VPA-induced deficits may share with other known causes of ASD.
